Life-history traits vary largely across species and several physiological parameters have been 21 proposed to be associated with life-history variation, such as metabolic rates, glucocorticoids, and 22 oxidative stress. Interestingly, the association between thyroid hormones (THs) and life history 23 variation has never been considered, despite a close interaction between THs and these 24 physiological traits. Because of the crucial effects on embryonic development, THs can also induce 25 transgenerational plasticity when transferred to developing offspring, for instance, via egg yolks in 26 birds. In this study, we compiled a unique data set of maternal yolk THs in 34 bird species across 17 27 families and 6 orders, and tested for associations with various life-history traits. Our phylogenetic 28 mixed models indicated that both concentrations and total amounts of the two most important 29 forms of THs (T3 and T4) were higher in the eggs of migratory species than in those of resident 30 species, and that there were higher total amounts of T3 in the eggs of precocial species than in those 31 of altricial species. However, maternal THs did not show clear associations with any traits of the 32 pace-of-life syndrome, such as developmental duration, growth rate, or lifespan. When taking 33 environmental factors into account, we found that captive species deposited higher TH 34 concentrations and larger amounts in the egg yolks than wild species. These findings suggest that 35 maternal THs are likely involved in the evolution of life-history variation, or vice versa. 36 37
neglected (Ruuskanen and Hsu 2018) . Recently, several experimental studies manipulating maternal 70
THs reported variable effects of yolk TH on nestling traits across species (Ruuskanen et al. 2016a ; 71 Hsu et al. 2017 Hsu et al. , 2019a . These intriguing species differences suggest species might respond 72 differently to elevated yolk TH levels and thus that maternal yolk THs might have co-evolved with 73 life-history differences. 74
In this study, we explored the potential associations between maternal yolk TH levels and 75 life-history strategies across 34 bird species. In birds, two maternally derived THs -triiodothyronine 76 (T3) and thyroxine (T4) are transferred and stored in the egg yolk (Sechman and Bobek 1988; Prati et 77 al. 1992) . We asked whether the inter-specific variation of yolk THs would be associated with life-78 history traits across species, while accounting for environmental factors that may potentially 79 contribute to the variation in yolk THs. The associations between maternal THs and life-history traits, 80 if they exist, probably reflect the involvement of maternal THs in the evolution of life-history 81 differences or vice versa. 82
Based on the known functions of THs, we considered three life-history continuums for which 83 we hypothesized that maternal yolk THs may be associated with the related life-history traits. The 84 first is the altricial-precocial developmental spectrum. At the two ends of this life-history continuum, 85 precocial species and altricial species show distinctive ontogenetic patterns of visual and locomotory 86 ability (Starck and Ricklefs 1998c) , hypothalamic-pituitary-adrenal (HPA) axis (Wada 2008) , 87 hypothalamic-pituitary-thyroid (HPT) axis (McNabb 2006; de Groef et al. 2013 ) and 88 thermoregulation (Price and Dzialowski 2018) . In precocial species, the thyroid function already 89 starts in the middle of incubation and the TH levels in thyroid gland and blood circulation both peak 90 around hatching. By contrast, the thyroid function of altricial species starts days after hatching, and 91 their circulating blood TH levels slowly increase towards the adult level (McNabb 2006; de Groef et 92 al. 2013 ). Therefore, we hypothesized that such differences in the mode of development may be 93 associated with yolk TH levels, either because higher maternal THs are required for a comparatively 94 advanced development at hatching or because the developmental modes at least partly determine 95 the transfer process of maternal THs, or both. 96 Second, we considered the life-history differences between migratory and resident species. In addition to life-history differences, some environmental factors may also contribute to the 114 inter-specific variation of maternal yolk THs and should be taken into account. First, we expected 115 that the foraging environment, through its direct influence on food composition, may influence the 6 egg-laying of captive wild-type rock pigeons (Columba livia livia) affected maternal yolk TH levels 118 (Hsu et al. 2016) . A possible explanation for this finding is the iodine content in the diet, as iodine is 119 an essential ingredient for TH production (Bizhanova and Kopp 2009). In humans, even mild iodine 120 deficiency during pregnancy has been shown to lead to deficiency of maternal T4 To test these hypotheses, we collected information on life-history traits pertaining to each 133 hypothesis from the literature. The environmental variables were assigned for each species based on 134 the sampled population. We measured maternal THs in egg yolks, constructing the first interspecific 135 maternal TH data set. By combining data of life-history traits and maternal THs, we were able to run 136 phylogenetic mixed-effects models using a Bayesian framework to test our hypotheses. 137
We collected unincubated eggs from 34 species of birds across 17 families and 6 orders (n = 140 1-21 per species, median=7, Table S1 ). Nests of wild species were located by extensive nest searches 141 in the known breeding habitats of each species or from nest-box populations during 2016-2017. We 142 aimed at collecting eggs from species with varying body sizes and life-history traits and included 143 both precocial and altricial species. All eggs were collected before clutch completion (i.e. when 144 found, the eggs were cold and clutch was not completed) and one, randomly sampled egg per clutch 145 was collected. Therefore, in most of the cases, the laying order of the sampled egg was unknown. We extracted THs from the egg yolks and measured two THs (T3 and T4) at the University of 168
Turku and Turku Centre of Biotechnology. Yolk was separated from albumen after a short period of 169 thawing. A few eggs showed signs of very early development and all such eggs were discarded from 170 the analysis. After dissection, yolks were weighed (~0.01 g), and a half (for passerines) or a quarter 171 (for other species) of the yolk was weighed for extraction and we added an equal amount of MQ to 172 facilitate homogenizing. 173
We used the extraction protocol described previously (Ruuskanen et al. 2016b ). In brief, we 174 first added 2 ml methanol to the yolk-MQ mixture (ca. 300 mg) and homogenized the sample. A 175 known amount of 13 C12-T4 (Larodan) was added to each sample as an internal tracer, which allowed 176 us to correct for extraction efficiency (i.e. recovery). Four ml of chloroform was then added and 177 samples were centrifuged at +4°C 1900g for 15 min. The supernatant was then collected and the 178 pellet was re-extracted in 2:1 chloroform-methanol mixture, back-extracted with 0.05% CaCl2 into 179 aqueous phase, and re-extracted with chloroform:methanol:0.05% CaCl2 mixture (3:49:48). The 180 aqueous phase was further purified on Bio-Rad AG 1-X2 resin columns, eluted with 70% acetic acid, 181 and then vacuum-evaporated overnight. Samples from different species were spread over extraction 182 batches and the extraction batch ID was included as a random intercept in the statistical models. 183
We used a validated nano-flow liquid chromatography-mass spectrometry (LC-MS) protocol 184 to measure yolk T3 and T4 simultaneously (Ruuskanen et al. 2018 ). In brief, the dry TH extracts were 185 re-suspended in 150 µl 0.1% NH3 and further diluted with 0.01% NH3. The dilution factor depended 186 on the expected amount of T3 and T4 in each sample. Internal standards 13 C6-T3 and 13 C6-T4 were 187 added to identify and also quantify T3 and T4 in the samples. A triple quadruple mass spectrometer 188 17.9 amol for T4 and T3, respectively ( 
IV. Environmental factors 231
For environmental factors, we created two variables to represent a species' foraging environment 232 and captivity status. Respectively, species were categorized as marine-bound (foraging on marine 233 food resources) or terrestrial (foraging on non-marine bound resources) based on the breeding 234 territory and diet, and wild or captive. Semi-captive species (the pheasant and the grey partridge) 235 were categorized as captive. 236
All life-history and environmental data we compiled for this study, the sources we consulted, 237 and the final values used in all our models, can be found in the supplementary materials. 238
239
Phylogenetic mixed models facilitate model fitting, body mass was also ln-transformed and standardized. Before fitting models, 247 all two-level categorical variables were first dummy-coded as -0.5 and 0.5 (Table S2) , to facilitate 248 model mixing/convergence. The life-history traits that are known to be associated with body mass 249 (BMR, growth rate, maximum lifespan, age at first reproduction) were first corrected for body mass 250 and phylogenetic relatedness among species using the R package phytools (Revell 2009 (Revell , 2012 . BMR 251 data, in particular, was first converted to mass-specific BMR (KJ/h/g) and ln-transformed and 252 corrected for body mass and phylogeny. 253
The four variables of developmental duration were strongly correlated with one another. 254 Therefore, we conducted a phylogeny-corrected principal component analysis (PCA) using R package 255 phytools (Revell 2009 (Revell , 2012 ). The first two PCs explained 99.74% of the variance (Table S3 ). The 256 loadings suggested that PC1 is highly positively correlated with the time to fledging and the total 257 length of developmental period, and negatively correlated with the proportion of prenatal 258 development, while PC2 is negatively correlated with the duration of prenatal development (Table  259   S3 ). In subsequent phylogenetic mixed models, we therefore used the scores of PC1 and PC2 for 260 each species to represent the developmental duration. 261
Because the data of life-history traits were not available for all species, we defined several 262 sets of models depending on data availability, listed in Table 1 . Each model and data set was thus 263 pruned for the specific set of species where data was available. Each model set consists of separate 264 models to analyse the concentrations and total contents of T3 and T4, respectively. This is because in 265 oviparous species, the total contents of maternal hormones in the yolk is fixed after yolk formation. Therefore, the total content of hormones represents an initial maximum hormone availability and 267 may represent different biological significance from the concentration. 268
In all models, the phylogenetic relatedness among all species included was treated as 269 random effects, following Hadfield and Nakagawa (2010). Additionally, species name was also 270 included as a random factor to control for within-species non-independence among the multiple 271 eggs from the same species. For this random factor, homing pigeons and domesticated chickens 272 were coded separately from their wild-type ancestor rock pigeons and red jungle fowl, despite that 273 they were not distinguished in the phylogeny (i.e. coded with the same scientific names, Columba Because phylogenetic signal is in fact the proportion of the phylogenetic variance over the 311 total phenotypic variance, the fixed factors included in the model will influence the value of the 312 phylogenetic signal by changing the estimates of all variance components (Nakagawa and Schielzeth 313 2010). Therefore we calculated the phylogenetic signals for yolk T4 and T3 based on the 314 phylogenetic mixed model that only included the life-history traits whose 95% CIs did not encompass 315 and body mass (see Results). In these models, all 34 species and the full phylogeny set was included 317 and we used a consensus tree from the Hackett backbone, derived by using the phytools package 318 (Revell 2012 set" but only Coturnix japonica was removed from the phylogeny because Gallus gallus was still 323 needed in the phylogeny for the data from red jungle fowl. 324 Table S1 ). Great tits (Parus major) and redshanks (Tringa totanus) had the lowest and highest 328 concentrations of yolk T3 and T4 among the 34 species, respectively. Between the two species, the 329 difference in average yolk THs reached 100-fold for T3 (great tit, mean ± SD = 0.112 ± 0.032 pg/mg 330 yolk, n = 11; redshank, mean ± SD = 11.242 ± 5.067 pg/mg yolk, n = 4), and 18-fold for T4 (great tit, 331 mean ± SD = 0.989 ± 0.292 pg/mg yolk, n = 12; redshank, mean ± SD = 18.101 ± 4.125 pg/mg yolk, n = 332 4). 333
The moderate to strong phylogenetic signals indicated that the phylogenetic relatedness 334 among species accounted for 60%-85% of the inter-specific variation in yolk THs (Table 2) . On 335 average, T3 has stronger phylogenetic signals than T4, although their 95% CIs overlapped. 336 337 
Associations between yolk THs and life-history variables 340
The estimated posterior means and 95% CIs from all models are presented in Fig. 2 
. 341
Precocial species deposited larger total amounts of THs in the egg yolks than altricial species (Fig. 3) , 342 but not higher TH concentrations. The model set 1 supported this difference with positive posterior 343 means and 95% CIs, when controlling for species body mass and other covariates, especially for T3 344 contents (Fig. 2D ). Also, migratory species generally deposited higher concentrations and also larger 345 amounts of both THs in the egg yolks than resident species (Fig. 4) , which were supported by the 346 model set 1 (Fig. 2) . Species body mass also strongly correlated with yolk TH content, but not with yolk TH concentration (Fig. 2) . Along the slow-fast pace-of-life continuum, however, no traits were 348 found to be credibly associated with maternal yolk TH concentrations or contents (Fig. 2 ) 349 350
Associations between yolk THs and environmental variables 351
Although the raw data suggested that marine-bound species deposited larger amounts of yolk THs 352 than terrestrial species (Fig. S2) , this was not supported by the phylogenetic mixed models (Fig. 2) . 353
Between captive and wild species, credible differences in both yolk T3 and T4, and in both 354 concentrations and total contents (Fig. 2) were found. This suggested that captive species deposited 355 higher concentrations and larger amounts of yolk THs than wild species (Fig. 5 ). 356 credible differences in maternal yolk THs between the migratory and resident life histories, and 360 between precocial and altricial developmental modes. However, contrary to our expectation, none 361 of the pace-of-life (POL) related traits were found credibly associated with maternal yolk THs, after 362 controlling for body mass. The moderate to strong phylogenetic signals also indicate that a 363 substantial proportion of variation in maternal THs is accounted for by the phylogeny itself. This 364 suggests a substantial extent of phylogenetic inertia, which may present some evolutionary 365 constraints in maternal TH deposition. Despite the constraint, the credible differences of maternal 366
THs between precocial and altricial species, and between migratory and resident species still suggest 367 that maternal THs are associated with the evolution of these two life-history continuums or vice 368 versa. 369 370
THs and migration 371
Migration is a critical and demanding life-history stage. Many physiological changes occur 372 both before and after migration, such as fat deposition, gonadal regression and recrudescence 373 (Hahn et al. 2015) . The temporal overlap with other seasonal activities, such as breeding and moult, 374 also tends to be minimized over evolutionary history in migratory species (Hahn et al. 2015) . By 375 contrast, resident species usually have a relatively longer time window to coordinate the 376 physiological transition before and after reproduction compared with migratory species. Therefore, 377 migratory species may require a higher sensitivity or accuracy to fine-tune the transition. THs play a 378 central role in the molecular mechanisms of photoperiodic response. The photoperiodic change 379 influences the expression levels of the thyroid-stimulating hormones (TSH) in the hypothalamus, 380 which subsequently induces reciprocal switching of two deiodinases (DIO2, converting T4 to active 381 T3 and DIO3, converting T4 and T3 to inactive THs) that activate and inactivate T3, respectively differ. Our result of higher yolk TH levels in migratory than resident species, not only in terms of 387 higher concentrations but also larger amounts, is therefore in line with the notion that the An alternative way to look at the contrasting ontogenetic differences between precocial and 404 altricial development may be the placement of hatching on the ontogenetic timeline. Regardless of 405 the developmental modes, the event of hatching requires a lot of physiological changes to prepare 406 the chick for the "outside" world and therefore marks a major life-stage transition. As the altricial 407 developmental mode is assumed to have evolved later than the precocial mode (Starck and Ricklefs 408 1998c; de Groef et al. 2013) , one way to look at the shift is that the event of hatching is moved 409 earlier along the ontogenetic timeline in the altricial development so that hatching occurs when the 410 young is still poorly developed. Whether maternal THs mediate such a shift during the evolution 411 from precocial to altricial development requires further studies, but according to our data such a 412 change may coincide with a reduction in TH deposition over the evolutionary course. We therefore 413 could expect intermediate levels of maternal THs in semi-precocial and semi-altricial species. 414
Interestingly, the only semi-altricial species we measured, the Eurasian kestrel, indeed has higher 415 maternal TH content than most other altricial species, but lower than most semi-precocial and 416 precocial species (Fig. 3) . 417
418

No size-independent associations between maternal THs and pace of life (POL) 419
Given the known function of THs on metabolism and interactions with glucocorticoids, it is 420 surprising that we did not detect any associations between maternal THs and all tested POL-related 421 traits (Fig. 2) . Although yolk TH contents show strong correlations with species body mass, this is 422 because large species produce large eggs and large yolks, hence higher total amounts of yolk THs. 423
After controlling for body mass and phylogenetic relatedness, only clutch size showed a potential 424 trend with T4 contents. The model estimated a negative posterior mean and the 95% CI was slightly 425 overlapped with 0 ( Fig. 2B) , implying that species with larger clutch sizes tended to deposit less T4 in 426 the egg yolks. Such a trend is probably driven by the difference between passerines and shorebirds 427 ( Fig. S3 ). Confirming such a relationship perhaps would require a larger sampling scheme that 428 includes more species. 429
The lack of associations between maternal yolk THs and POL-related traits does not support 430 our hypothesis that THs were mediators of POL. This result therefore implies that either (i) the 431 effects of maternal THs may not be translated directly to blood THs or (ii) blood THs are not 432 associated with POL-related traits. The former could be due to limited organizational effects of 433 maternal THs on the HPT axis or a more complex manifestation, such as sex-specific effects. To our 434 knowledge, there are only few experimental studies that have examined how maternal THs 435 influenced blood THs and metabolic rates during the nestling phase. In the great tit, yolk TH 436 elevation did not influence nestling RMR before fledging (Ruuskanen et al. 2016a ). In the rock 437 pigeon, yolk TH elevation raised the RMR in female nestlings but reduced it in males on hatching 438 day, a pattern that was consistent with the effects on plasma T4 concentrations (but not T3) at day 439 14 after hatching (in the middle of the nestling phase, Hsu et al. 2017) . Although elevated yolk THs 440 showed consistent effects on nestling RMR and plasma T4, the sex-specific pattern remains 441 unexplained. Nevertheless, in domesticated chicken embryos the injection of THs into the yolk 442 influenced the expression of two TH-transporters in the brain (van Herck et al. 2012). This suggests 443 that differential exposure to maternal THs may influence brain TH availability. Such changes might 444 have the potential to alter the sensitivity and responsiveness of the HPT axis in the long term. 445
Therefore, the notion that maternal THs may organizationally shape the HPT axis cannot yet be ruled 446 out. Another possibility to explain the lack of associations between maternal THs and POL-related 447 traits is that blood THs are not associated with POL-related traits. This would be quite surprising 448 considering the close associations between THs with metabolic rates, glucocorticoids, and oxidative 449 stress. As POL-related traits are usually strongly associated with body mass, perhaps a much larger 450 number of species is required to detect such potential associations after accounting for species body 451 mass. 452
453
Maternal THs and life-history variation: cause or consequence? 454
Above, we have discussed the potential role of maternal THs as mediators of life-history variation. 455
However, it is possible that differences in life-histories, particularly in migratory behaviour and 456 developmental mode, may result in physiological differences that cause differential maternal TH 457 deposition during egg formation across species. For example, migratory birds generally have higher 458 BMR than residents (Jetz et al. 2008) . Given the close relationship between BMR and THs, migratory 459 species probably also have higher circulating blood TH levels. One study in two closely-related 460 meta-analysis has not yet been done. If in general migratory species keep comparatively higher 465 circulating TH levels than resident species, the higher maternal TH deposition could be simply 466 mirroring the circulating TH levels in the system of migratory birds. In terms of environmental factors, our models suggested differences in maternal yolk THs between 486 captive and wild species, but not between terrestrial and marine-bound species. 487 predator-free environment (Mason 2010) . The contrast to life in the wild can influence phenotypic 491 expression (i.e. phenotypic plasticity) and even cause selection for certain traits (Driscoll et al. 2009 ). 492
For example, captive zebra finches, domesticated or not, started incubating earlier and therefore 493 induced a stronger degree of hatching asynchrony than wild zebra finches (Gilby et al. 2013 ). In our 494 study, all the captive species have acclimated to captive lives for generations. Therefore the result 495 that captive species deposit higher levels of THs in the egg yolks likely reflects some selection under 496 captivity. The actual selective force is elusive at the moment, but probably related to traits like faster 497 acclimation/habituation for anthropogenic diet or perhaps dampened stress response to confined 498 space and constant human disturbance, which should be favoured in captivity. 499 500 Lack of evidence for the potential link with proximity to the sea 501
The larger yolk TH contents in marine-bound species compared to terrestrial species, apparent from 502 the raw data, were not supported by the phylogenetic mixed models. Our data likely lacked the 503 power to statistically partition the effects of environment and phylogeny because all sampled 504 marine-bound species were from the order Charadriiformes. Future studies should therefore 505 broaden the sampling scheme to overcome this problem. An alternative to test the relationship 506 between foraging environment and maternal THs is to focus on a smaller clade, such as a single 507 order or a single species inhabiting both inland and marine-bound populations. In the present study, 508 the eggs of the little ringed plover (Charadrius dubius) were sampled from an inland population. The 509 species, interestingly, had the lowest T4 content among all Charadriiform species, which implies captive model system or supplementing iodine-rich food to a wild population would be also an 512 effective approach in this respect. 513
Conclusion 515
Our phylogenetic mixed models suggested that migratory species deposited higher levels of both 516 THs in the egg yolks than resident species, and precocial species deposited higher total content of T3 517 in the egg yolks than altricial species. In addition, captive species also consistently deposited higher 518 levels of yolk THs, suggesting some selection process under captivity. These identified patterns 519 suggest that maternal THs may be involved in the process of life-history evolution and can respond 520 to on-going selective forces. Further effort should be invested to uncover the underlying 521 physiological mechanisms. 522 523 Acknowledgement 524
We thank Jon Brommer for his kind and helpful statistical advice in the beginning stage of data 525 analysis. We thank Jorma Nurmi for excellent nest-finding skills and effort in the field. Mass 526 spectrometry analyses were performed at the Turku Proteomics Facility, University of Turku and Åbo 527 Akademi University. The facility is supported by Biocenter Finland. This study was funded by a grant 528 from the Academy of Finland to SR (grant no. 286278). 529 24 Figure 1. Phylogenetic tree, yolk TH concentrations and total contents of the avian species included in this study. The phylogenetic tree (A) is one possible 531 tree derived from the Hackett backbone (see text). Different colours in species names represent different orders they belong to. Yolk TH concentrations (B, 532 D) and total contents (C, E) exhibited substantial inter-specific variation (mean ± SD, see Table S1 for exact values and sample sizes). Red symbols represent 533 resident species, while blue symbols migratory species. Circles represent altricial species, and squares precocial species. 534
Figure 2. Posterior means (± 95% credible intervals) between yolk THs and all life-history variables 535
tested in this study. White area presents the estimates from model set 1 (see text and Table 1 ). The 536
shaded areas present the variables tested in model set 2 (the light and medium grey areas) and 537 model set 3-5 (the darkest grey area). In models 2-5, the estimates of the variables that had been 538 tested in model set 1 are not redundantly presented. For developmental mode, the estimate 539 represents the difference of yolk THs in precocial species from altricial species. For migration, the 540 estimate represents the difference in migratory species from resident species. For captivity, the 541 estimate represents the difference in captive species from wild species. For foraging environment, 542 the estimate represents the difference in marine-bound species from terrestrial species. 543 28 544 
